ALTERATIONS in lung function have been shown to be related to hemodynamic impairment.' -Pulmonary vascular distension due to increased pulmonary blood volume appears as one of the early processes involved in the perturbations of lung mechanics.4 1 A specific increase in the small airways resistance, which may be due to "competition for space between the vessel and airway in the bronchovascular sheath," has been observed in the dog with an increase in left atrial pressure from 0 to 15 mm Hg.4 Similarly, a reversible decrease in lung compliance with increasing left atrial pressure in the phase of rapid rise of pulmonary blood volume has been described in the isolated rabbit lung.5 In man, the rapid increase in left end-diastolic pressure observed during anginal syndrome has been shown to be accompanied by a significant fall in lung compliance and in specific conductance. 
performed in 11 patients with and in seven without acute left ventricular failure. Indexes of Zrs were obtained by calculating the average and slope of the resistance and reactance in low (10 to 20 Hz) and high (20 to ALTERATIONS in lung function have been shown to be related to hemodynamic impairment.' -Pulmonary vascular distension due to increased pulmonary blood volume appears as one of the early processes involved in the perturbations of lung mechanics.4 1 A specific increase in the small airways resistance, which may be due to "competition for space between the vessel and airway in the bronchovascular sheath," has been observed in the dog with an increase in left atrial pressure from 0 to 15 mm Hg. 4 Similarly, a reversible decrease in lung compliance with increasing left atrial pressure in the phase of rapid rise of pulmonary blood volume has been described in the isolated rabbit lung.5 In man, the rapid increase in left end-diastolic pressure observed during anginal syndrome has been shown to be accompanied by a significant fall in lung compliance and in specific conductance. 2 The existence of small airways dysfunction in pulmonary vascular congestion is suggested by an increased closing volume`and the development of an abnormal frequency dependence of the total pulmonary resistance (RT). 1 Indeed, the frequency dependence of RT has been shown to be closely related to that of lung compliance,9" which is considered as one of the most sensitive indicators of small airways obstruction. 12 Using forced sinusoidal oscillations, Dubois et al. "3 first described the frequency dependence of the RTat frequencies above the spontaneous one. With the same technique, Interiano et al.' observed a frequency dependence of RTin the 3 to 9 Hz range in patients with acute myocardial infarction that was reversible within the following 2 to 3 weeks. RT at 3 Hz was significantly correlated with the pulmonary capillary wedge pressure (Ppcw). In a further study, Gray et al. 1 Wilcoxon rank-sum tests were performed comparing the initial Zrs measurements in the group 1 and 2 patients. Average values and standard deviations are listed in table 4 for the slope of resistance at low frequencies, the average reactance at low and high frequencies, and fpEs. The values were significantly different in the two groups. The slope of resistance at low frequencies was slightly positive in group 1, but was very negative in group 2, reflecting the initial decrease in resistance at low frequencies ( figure 2, B) . The average reactance at low and high frequencies were much lower in group 2 than in group 1. The slope of resistance at low frequencies was significantly correlated with the average reactance at low and high frequencies (r = .62 and r = .54, respectively, p < .001). These results do not depend on the inclusion of data from the three patients with COPD in the group 2 data (table 4).
Results of individual follow-up are given in figure 3 Pc-w lower than 18 mm Hg (false negatives). The slope of resistance at high frequencies was the only index significantly correlated with Pp,w (r = .53, p < .001).
Discussion
Indexes describing the Zrs frequency dependence. Fundamental information on mechanical properties of the lung is contained in the frequency-dependent behavior of Zrs, which therefore has to be depicted by relevant indexes. Bronchial obstruction has been shown to be associated with an increased frequency dependence of the resistance in the low-frequency range (3 to 9 Hz). '01 The slope of the resistance'°0 23 and the ratio of low-(5 to 9 Hz) to high-(15 to 19 Hz) frequency resistance24 are simple indexes that have been used to quantify the frequency dependence of resistance. Furthermore, the resonant frequency has been shown to be increased in bronchial obstruction, reflecting an abnormally low reactance.'1 ' 14, 24, 25 In other studies, Zrs indexes have been proposed that are based on a simple series resistance, compliance, and inertance lung model.26 '27 However, in a nonhomogeneous lung, more complicated models with parallel compartments must be used, 14, 15, 28 although their application is still hazardous. 16 Michaelson, 14 Landser,29 Nagels,0 Pimmel, 3' and Hayes24 and their colleagues have published measurements obtained in patients with obstructive disease over a large frequency range. Their results suggest that, in those patients, the modifications of Zrs at frequencies lower than 20 Hz should be distinguished from those above 20 Hz since they likely originate 392 from different pathophysiologic mechanisms. Most of the modifications in the resistance observed in patients with COPD take place in the 0 to 20 Hz range. Above 20 Hz very little experimental data on the effect of bronchial obstruction are available. Model studies32 suggest that high-frequency Zrs values should be influenced by large airways mechanical alterations, in particular the diameter and compliance of the large airways. These considerations support the partition of the frequency range used in this study.
Zrs modifications induced by pulmonary vascular congestion. Our data show that in all patients with left ventricular failure pulmonary vascular congestion induces an increased frequency dependence of resistance at low frequencies and a decrease in reactance with an increase in fRES, independent of Pc-w. Such modifications of the Zrs frequency dependence are not present in patients without ventricular failure in the same position. The difference observed between our group 1 and 2 patients is not due to a particular observation tilting the mean in small groups. In particular, there is no The negative slope of resistance at low frequencies associated with a low reactance is not specific to pulmonary vascular congestion and has been described in obstructive lung diseases 14, 24, 29, 30 Mechanical inhomogeneities of the lung and upper airways have usually been invoked to interpret this characteristic Zrs frequency dependence.11 14, 30 According to the model described by Mead, 3 an increase in slope of resistance vs frequency could be associated with an increase of resistance of the small airways. Numerous animal4'1 and human studies'8 have shown that pulmonary vascular congestion could induce small airways dysfunction, as shown by an increase in closing volume and peripheral airways resistance and by a decrease in dynamic compliance. This has been related to mechanical compression of the small airways by adjacent distended vessels.4 Other mechanisms might also be involved, such as narrowing of the small airways by interstitial edema and/or vagally mediated active bronchoconstriction. 35 An abnormal frequency dependence of resistance at low frequencies, associated with a low reactance value, has also been observed in healthly subjects breathing at very low lung volumes. 14 30 Under these conditions, a large decrease in FRC, associated with closure of some lung areas, produces mechanical inhomogeneities of the lung. In man, a significant negative correlation has been described between FRC and the pulmonary vascular pressures.' However, the decrease in FRC reported in patients with acute pulmonary vascular congestion' was much smaller (less than 500 ml) than that inducing abnormal frequency dependence of resistance in healthy sitting subjects (greater than 1 liter figure 3,  A) . In particular, the negative slope of resistance at low frequencies tended to disappear and fRES significantly decreased in all but the patient with COPD (table 5) .
Moreover, the follow-up values for the Zrs indexes in group 2 do not significantly differ from those in group 1 (table 5) . The persistence of a slightly abnormal frequency dependence of resistance in the low frequency range in three of six patients with left ventricular failure ( figure 3 , A, C, and D) and the slightly increased fRES in four of six ( figure 3 , A, C, D, and F) may be surprising. Two mechanisms could explain the lack of complete resolution of the Z,, abnormalities: the effect on the lung of residual infraclinical left ventricular failure, and early chronic airways obstruction. The probability of the presence of residual infraclinical left ventricular failure is supported by the results of Interiano et al. 3 These authors performed early (2 to 3 weeks after myocardial infarction) and late (10 to 17 weeks) follow-up measurements of pulmonary resistance. Their data show that the frequency-dependence index normalized at late follow-up, while it was still slightly abnormal at early follow-up. It has been shown in the dog4 and in the isolated rabbit lung' that small airways dysfunction appears early in pulmonary vascular congestion, even before accumulation of interstitial edema, and that it is related to the increased pulmonary blood volume. The persistence of moderately elevated pulmonary vascular pressures in some patients with left ventricular failure could therefore explain the lack of complete resolution of the Zrs abnormalities even in absence of clinical signs of pulmonary vascular congestion. However, the residual Zrs abnormalities observed in our group 2 patients could also be due to early airways obstruction, as suggested by low forced expiratory flow during the middle half of forced vital capacity and high residual volume and FRC values. In this case, the individual evolutions (figure 3) would show that the presence of an early pulmonary obstruction does not mask the effect of acute left ventricular failure.
In summary, comparison of resistance and reactance measurements over a wide frequency range in semirecumbent patients with and without acute left ventricular failure suggests the presence of small airways obstruction in patients with even mild pulmonary vascular congestion. Furthermore, Zrs indexes are able to distinguish between moderate and severe pulmonary vascular congestion, probably because of significant narrowing of the large airways during severe and acute left ventricular failure. The specificity of Zrs frequency dependence for lung mechanical alterations induced by vascular congestion vs those induced by COPD must be further investigated. Finally, it must be put forward that Zrs measurements are easily obtained at the bedside in critically ill patients and, therefore, seem promising in monitoring the individual evolution of disease in patients with left ventricular failure.
